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Short Title: Interplanetary Signatures

Abstract. When CMI: plasma passes over a spacecraft in interplanctary space, it can often
be recognized by anumber of characteristic signatw esin the properties of the plasma and
magnetic field. Those signatares are briefly suammarized. When two or more signatures are
present, they arc, often not synchronized with each other. As an example., the low-
temperature signature is often encountered ahead of the bidirectional streaming of
supratherm al electrons. Periods of quiet, nearly radial fields are found in the trailing
portions of approxima tely one quarter of the fast o1 energetic C ME events. It is suggested
that the radial fields may be manifestation s of the legs of magnetic loops carried into space
by the CME. Another feature of the trailing portions of some CMLE: eventsis a strong flux
of outward propagating Alfvén waves. in some cvents these wave s probably represent a
return to the ambient solar wind through which the CME: is propagating, but we suggest
that in other events the waves may be a signature. of a transicnt mend hole at the

footpoints of the CME,



‘1’here is no single distinctive feature exhibited by al CMFi-generated plasma in the
solar wind. Rather, the identification of CME:s in the interplanetary medium must rely on
several features that may appear singly o1 jointly with other features in any particular event.
What are those features or CM] ¢ signatures?

(1) Unusuall y low kinetic temperatares of icms and/or electrons for a given solar-
wind speed. In the quasi-stationary solar wind, ion temperatures are positively correlated
with flow speed. Figure 1 showsa scatter plot of proton temperature versus speed for

intervals of known flow type-  opensymbols (squares, circles, or triangles) for quasi-

stationary flows and line symbols (X, -1 or -) for CME flows observed by 1SEE 3. The

method of event selection and identification is explained in a paper by Neugebauer and
Alexander [ 1991]. The principal pointsarc that (a) most of the open symbols arc above the
diagonal linc while most of the lined symbols are below it, and (b) there are quite a few

exceptions. We have defined a “thermal index” /,, by

1,,=(500v,,-11 .75x 105 )/f;, ey

which is>1 for points below the line and <1for points above it, With a significant number
of exceptions, if/h >1, the plasma islikely to be associate.d with a CME:. This method of
identifying CMI: plasima is qualitatively similar to the method developed and used by
Richardson and Cane{ 199S] and others. The cause of the low temperature or high thermal
Mach number of CME plasma in the solar wind is probably the 3-dimensional expansion

of the transient plasma cloud into the ambient solar wind. 1n contrast, under quasi-



stationary conditions, the flow is channeled and expansion islimited to the areal expansion
rate of the flow tubes from the Sun. This effect isillustrated by the. cartoonin Figure 2.

(2) Anunusually pronounced anisotropy of the proton distribution with 1, > “]”,,
caused by the conservation of the magunetic moment of the ions as the plasma expands.

(3) Unusually high helium abundance. If theratio of the. number density of helium
n, to that of protons n_ exceeds ~0.08, the plasmais almost certainly either in or near an
interplanctary cloud generated by a CME. The cause of the helium enhancements has not
yet been established theoretically. One possibility isthat it isasludge removal phenomenon
wherein helium left behind at the base of the flow tubes, especially those in the slow wind
near the heliospheric current sheet, is cleaned out by the explosive event. This CME
signature is often patchy within an event or entirely missing.

(4) Anomalies in the abundances of other ion species. This topic isreviewed in the
paper by Galvin (this volume).

(5) Bidirectional streaming of suprathermal electrons and energetic ions. This
feature is considered to be. indicative of aclosed magnetic configuration with bet])
footpoints of the field lines rooted in the Sun. in this volume, these features arc discussed
in papers by Gosling (for electrons) and by Richatdson (for energetic ions).

(6) Quiet, strong magnetic ficlds which, when combine.ci with the low
temperatures, leads to low f. in CME plasma, the pr oton 3 is often less than 0.1.

(7) Rotations of the magnetic ficld that can bxe modeled as flux ropes. Some of
these Configurations qualify to be called “magnctic clouds” if the ficld strength increases by
afactor >2., at least one component of the ficld has a large, smooth rotation, and the ion
temperature is low. Magnetic clouds and flux ropes ave discussed further in the papers by

Osherovich and by Gosling (this volume), respectively.




(8) Decrease in the flux of low energy cosmiic rays, This topic isalso covered in
this volume in a paper by Richardson.

(9) Unusual ionization states of heavy ions, indicative of a plasm source in cither
hot coronal loops or (very occasional y) in relatively cold prominence material. See the
paper by Galvin (this volume) for fui ther discussion.

To thislist of CMI: signatures, wc can add other features that arc associated with
the more cnergetic events that result in plasma flows significantly faster than the ambient,
quasi-stat ionary solar wind. These feat ures include a forward shock ahead of the plasma
cloud, asheath of compressed, noisy plasima between the shock and the cloud, the draping
of the intcrplanctary magnetic field around the cloud, and local maxima (sometimes spikes)
inthe pressure and density at the cloud’s leading edge.

Figure 3 illustrates some. of the signatures and features discussed above for aCMI:
event observed by 1SEE 3 on days 232-234 (Aug 2,()-22,),1979. The event started with an
interplanetary shock denoted by the vertical line labeled S, The sheath, with itsincreased
temperature, densit y, pressure, and field stiength, is shown between the shock and the
discontinuity 1)1, where the spacecraft entered the CME cloud. Note the spike in proton
density at 1) 1andthe start of an interval of high helium abundance (n,/n,) anti a high value
of the thermal index /,,. The hotizontal bar in the top panel denotes the interval of
bidirectional streaming of suprathermal electrons (J. “1’. Godling, persona communication).
This event did not contain a magnetic cloud. If the CME plasmais assumed to extend from
D1to D3, where/, ishigh, the. patchiness of the, helium abundance enhancements iSquite
cvident.

Since not al the CME signat ures are synchr onized with each other, some appearing
at different times than others or not at all, it isinterested to determinge if there are any

significant temporal patterns. We are currently studying this question and can show only a




few preliminary results here. Figure 4A shows a superposed epoch histogram of the
fraction of each hour that bidirectional strcaming of suprathermal electrons was observed
by ISEE 3 (based on the data in the list given by Gosling et al. [ 1987]) where the zero
epoch is the hour in which the bidirectional sticaming stared. It is seen that the duration of
bidirectional electron streaming istypically § to 10 hours. Figure 413 shows the fraction of
hours with 7, >1 as a function of time before and after the same mro-epoch times as in
Figure 4A. 1t is clearly seen that the 7, >1 indicator extends for ~2 days after the zero
cpoch, thus lasting much longer than the bidirectional electron streaming. This patternis
consistent with the field lines in the C MI plasma 1econnecting with the ambient field in the
manner postulated by Gosling et al. [19950].

‘The horizontalline in figure 4B represents the fraction of all hews for which ISEE
3 velocit y and temperature were available and for which 7, > 151 e,,, on average, 1, exceeds
unity 6.4% of the time. It is probably significant that 7, is greater than average for the. day
preceding the zero epoch time at which the bidirectional streaming starts. in many
individual events, intervals of 7, >1arc seen before the appearance of bidirectional
streaming. Figure 4C shows a histogram similar to those in Figures 4A and 4B, except that
the zero epoch time is chosen as the startof 7, >1. In panel4C, it can be seen that the
bidirectional clectron streaming generally starts > 10 hours into the, CME asidentified by
1, >1. Thisresultsuggests that the fields at the leading edge or the nose of the CME cloud
tend to be reconnected to the interplanctary field. This is not surprising because it is at the
nose where the CME and interplanetary fields are most strongly pressed together, at |east
for' that part of itStrajectory where the. CMI is faster than the ambient wind.

Once feature of fast CMEs that has not been previously reported is the appearance of
cxtended intervals of quiet radial ficlds in their trailing edges. 1 ‘gure 3 contains an example.

of this phenomenon; the next to bottom panel shows that B /B, where B, isthe radial



component of the field in heliographic solar ecliptic coordinates, was close to -1 between
D2 and >4 (days 233.8 -234.7).We have found intervals with IB_I/B >0,9 for >6
consecutive hours in the trailing portions of about one quarter of the major CMEis observed
by 1S1:I: 3. About half the time, the quiet, radial ficlds overlapped other CME signatures
such ashighn,/n, high /,, or bidircctional streaning (asin Figure 3), and the rest of the
time. they immediately followed those signatures. in every case, the CME speed was
greater than the ambient wind speed and the quiet radial field was observed during a period
of strongly decreasing solar wind speed. None of the radial-field events occurred in a CME
that had been designate.d as a magnetic cloud by Zhang and Burlaga [ 1988]. We suggest
that a ~M}i-associated quiet radial ficld interval may mean the spacecraft is Situated in a leg
of a magnetic loop (or perhaps even aflux rope.) whose leading edge has been stretched out
into space by the fast plasma at the front of the cloud. A paper presenting further
information onthe possible x-elation of quiet radial fields to the legs of magnetic loops is in
preparation,

Next, consider the bottom panel of Figure 3 which shows a plot of the normalized

cross helicity o,

. 2<bv-oB>
Co<HPAon’>

where the sign of o has been “corrected” for the sector structure such that o = +1
indicates Alfvén waves propagating outward from the Sun along the magnetic field. The
values of o, were, calculated from the variations of 5-minute values of velocity v and
magnetic ficld B over periods of 2.4 hours. Figure 3 shows an extended period of high o,

starling at D4 (where the quiet radial field ended) and persisting for over aday. Outward




propagating Alfvén waves are prevalent in high-sped flow from coronal holes, and may
be remnants of the wave ficld responsible for the acceleration of the wind in an open-ficld
geometry. Wc therefore speculate that the waves seen cm day 235 may have originated in a
transient coronal hole. created by the eruption of the. CME. Examples of such transient
coronal holes were shown in the poster paper presented by Webb ez al. at this conference.
They arc interpreted as the footpoints of flux rope.s evacuated by the CME. Similar
intro vals of intense wave activity can be foundbchind many CMUis, but there is a question
whether they indicate a CME-associated feature or re-entry into the ambient solar wind,
For the particular event shown in Figure 3, we believe the Alfvénic wave flux is part of the
CME because (1) it occurs on the velocity gradient caused by the CME and (2) in the
guasi-stationary wind, Alfvénic fluctuations are not commonly found at solar wind speeds
as low as the -400 km/s average speed observed during, this particular Alfvénic event,
Almost everything discussed above has been based on the properties of CMtis
observed near the ecliptic planc. There are both anumber of similarities and some
iinpor tant differences between the CMEs described above and those studied at high
latitudes by Ulysses. The similarities include the decreased ion temperatures, bidirectional
streaming, and occasional flux ropes, magnetic clouds, and quiet radial field intervals. It is
the differences that arc more interesting. First, each of the high-latitude CME plasma
clouds had roughly the same speed (>700 km/s) as the ambient quasi-stationary solar wind
from the polar coronal holes [Gosling et al., 1994n]. "This finding may man that, except
for the most energetic CME events, once the CMY plasma is released from the Sun, the
same processes accelerate the transient and quasi-stationary winds. At low latitudes, where
the ~h411 plasmais embedded in slow solar wind, the magnetic ficld in the plasmacloud is
strong and stcady, showing little evidence for Al fvénic fluctuations, but the CMI: clouds in

the fast, high-latitude wind are just as Alfvénicas the ambient plasma, suggesting an

~2




important role for wave acceleration of the high- latitude CME: plasma. Gosling and Riley
[ 1996] suggest that the acceleration of the CMI: plasmamay be caused by the dynamic
interaction of the slower plasma cloud with the higher-speed ambient wind ahead of and
behind it.

If the high-latitude CM s have nearly the same specd asthe ambient high- latitude
wind, one might not expect the n to be preceded by an interplanetary shock. in fact,
however, many of the nigh-latituse, CMEs are observed to be preceded by a forward shock
and followed by areverse. shock [Gosling et al.,1994b]."Yhe driver for these shocks (or
rather for- asingle 3-1) shock that crosses the spacecraft twice.) is the rapid expansion of the
CME into the surrounding plasmarather than its overtaking slower plasmain its path.

Another departure. of high-latitude CMI:s from the typical behavior near the ecliptic
isthe absence of helium abundance enhancements. Asreported by Galvin (this volume.),
the differences in ionization charge states between CMEs and quasi-stationary plasma is
also smaller at high latitudes than near the ecliptic.

Gosling et al. 11995b] have compared the properties of asingle CME observed by
both IMP 8 near Earth and Ulysses at 54°S and aheliocentric distance of 3.5 AU. in
addition to the di fferences discussed just above, this comparison shows that because of the
higherspeed at high latitude, the instantaneous shapce of the. plasma clond must be very

different from the, familiatsketches or cart oons of (;h41 is.
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FIGURE CAPTIONS

Fig. 1. Scatter plot of proton temperature versus proton speed for intervals clearly
identificd as flow associated with either coronal holes (Cl), interstream (1 S), heliospheric
plasmashect (1'S), bidirectional el ectron streaming (131:S), helium abundance
enhancements (HALE), or magnetic cloucls(MC). The lineis the trace of equation (1) for 7,

=1

Fig. 2. A cartoon depicting the difference in the modes of expansion of the channeled flow

in the quasi-stationary wind and the 3-dimensional expansion of C MEs.

Fig. 3. From top to bottom, the parameters plotted arc proton speed, proton temperature,
proton dengity, the ratio of the alpha-particle to pr oton densit its, the total gas plus magnetic
pressure in the plasmaframe, an index 7, defining the relation between proton temperature
and spced as defined in Equation (1), the magnetic field strength, the ratio of the radial
component of the field divided by field sttength, and the normalized helicity as defined by
Equation (2). Each plasma data point is a 5S-minute sample and each field data point isa 5-

minute average.

Fig. 4. Histograms of the frequency of detection of bidirectional streaming of suprathermal
clectrons (BDES) and of the occurrence thermal index 7, > 1 in asuperposed epoch
format. (A) 1 requency of detection of BDES as a function of time from a zero epoch
defined by the. first detection of BDES. (B) Frequency of 7, >1 with zero epoch defined

by start of BDES. (C) Frequency of BDES with zero epoch defined by start of 7, >1.
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